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Abstract 

We demonstrate that the solar and atmospheric neutrino data as well as the 
recent result of the LSND experiment cannot be satisfied simultaneously with 
three light neutrinos if we consider the mass degeneracy for two neutrinos 
in the context of an extended Harvard Model based on the gauge group 
SU{2)qL X SU{2)ij^ X U{1)y with 5*3 x Z4 discrete symmetry. Assuming 
two different representation contents under 6*3 x Z4 symmetry for pairwise 
neutrinos and the lone neutrino {Vf. and transforming as a doublet and 
Vr as singlet or and Vr as a doublet and as singlet) the present model 
admits neutrino masses of the order of 2.8 eV and can fit either solar and 
atmospheric neutrino data or the LSND and solar neutrino data. 



Neutrino mass is one of the key issues of the present day particle physics. 
Although there is no principle which dictates that the neutrino mass to be 
zero, the Standard Model of particle physics assumes zero mass for three 
generations of neutrinos. Recent experiments on the solar neutrino deficit 
[1], atmospheric neutrino anomaly [2], the excess of — events observed 
recently by the Liquid Scintillator Neutrino Detector (LSND) experiment [3] 
and the need for a cosmological hot dark matter component [4] suggest that 
the neutrinos have non-zero mass of the order of a few eV. Wolfenstein [5] 
has pointed out that the LSND result combined with the Zee model [6] leads 
to the interesting predictions that there are two neutrinos almost degenerate 
with masses of interest for cosmology and a large neutrino oscillation signal 
should be seen on either the atmospheric neutrinos or the solar neutrinos. 
In other words, the atmospheric neutrino anomaly and solar neutrino deficit 
can be explained due to — > and — > Vt oscillations respectively. Ma 
and Roy have proposed a model [7] of four light neutrinos i/e, v^, and a 
singlet Vg in the framework of SU{2)l x U{1)y x model to explain the re- 
cent data of the above mentioned experiments. They conclude that neutrino 
oscillation can explain the solar neutrino deficit (z/g ~^ t^s), the atmospheric 
neutrino anomaly (z/^ — >■ z^^) and the LSND observed experiment (z^^^ — z7g). In 
this paper we examine the consistency of the results of the above mentioned 
neutrino experiments in the context of an extended Harvard model based on 
the gauge group SU{2)qL x SU{2)il x U{1)y [8] with appropriate Higgs fields 
and discrete symmetry, which has been recently studied to achieve sponta- 
neous CP violation [9] and obtain neutrino mass and magnetic moment [10]. 
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The model is based on the gauge group SU{2)gL x SU{2)il x f/(l)y with 
^3 X Z4 discrete symmetry. We concentrate on the lepton and Higgs fields 
of the model. The ordinary leptonic fields {In, ViR, Cjij, i=l,2,3), spectator 
fields {EiL, Em, i=l,2,3) and the Higgs fields 4'a{oL — 1, ..3) , , S have the 
following representation contents : 



2, -1, 1), e,R(l, 1, -2, 1), 1, 0, 1), EiL{l, 2, -1, 1), Em{2, 1, -1, 1), 



where the digits in the parenthesis represent SU{2)qL, SU{2)il,U{1)y and 
Lepton number L(=Le + + L^-) respectively. 

The Higgs content of the model gives rise to two step breaking of the 
ununified gauge group down to U{l)em- The bi-doublet Higgs field E breaks 
the ununified gauge group down to the Standard Model and has no direct 
contribution to the neutrino mass matrix. The mass matrix is generated in 
the model through the see-saw mechanism [11] and in the (z/^, ly'^) basis is 
given by 



The (pa fields break the Standard model gauge group to the U{l)em and 
contribute to the 3x3 Dirac mass matrix mo- The singlet Higgs field rj leads 
to spontaneous lepton number violation (SLY) due to its non-zero VEV and 
contributes to the right-handed 3x3 Majorana mass matrix rriR. This is in 
contrary to the Zee model [6] in which explicit violation of lepton number 
occurs. However, all the SLV processes (such as — > ej, Kl — > //e etc.) are 



0„(l,2,l,O),r7(l,l,O,-2),E(2,2,O,O) 



(1) 




(2) 
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highly suppressed due to the small mass squared differences Ajj = ml. — ml. 
of neutrinos. Apart from the electroweak symmetry breaking scale, the 
present model contains two other intermediate mass scales, the ununification 
symmetry breaking scale and the lepton number symmetry breaking scale. 
It is to be noted that, the spectator fermions are necessary for anomaly can- 
cellation [8]. 

We consider two different types ( Type A and Type B ) of transforma- 
tions of the ordinary leptons under x discrete symmetry. The ordinary 
leptons, spectator fermions and the Higgs fields transform under 5*3 x 
discrete symmetry as follows: 
Type A 

i) 5*3 symmetry : 

{hhi hh) — 2, 12L — 1, {E-iL, E2l) — > 2, {EiR, E2r) — > 2 

01 ^ 1, ((/.2, 03) ^ 2, ?7 ^ 1, E ^ 1 (3a) 

ii) Z4 symmetry: 

(/^il, ^r) -i{l^R, eR),TR -iTR, (02, 03) «(02, 03) (36) 

all other fields are invariant under Z4 symmetry transformation. 
Type B 

i) <S'3 symmetry : 
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{llL, hh) 2, 1, {^nR, VeR) ^ 2, U^R ^ 1- (4) 

The rest of the fields transform as in Type A. 
ii) Z4 symmetry: 

Under Z4 symmetry all the fields transform similar to Type A. 
The purpose of incorporation of permutation symmetry is to generate the 
equality between the Yukawa couplings and VEV's of the neutrinos. The 02 
and 03 Higgs fields are necessary to achieve non-degenerate charged lepton 
mass matrix. The discrete 6*3 symmetry also protects the diagonal form of 
rriR as well as gives rise to some vanishing terms in m^), which simplifies 
the diagonalization of the entire mass matrix and also leads to the almost 
degenerate neutrino mass. The discrete Z4 symmetry prohibits 02 and 03 
Higgs fields to couple with the neutrinos and 0i Higgs field to the charged 
leptons. Thus, the charged lepton mass matrix becomes completely different 
from the neutrino mass matrix. We now concentrate on the neutrino sector. 
The choice of the VEV's of the neutral component of the Higgs fields are as 
follows: 

<=>=(e^ |)-(: !)-<<>=(°j-<''°>=- 

The VEV's of the bi-doublet and doublet Higgs fields have been fixed [9, 
12] to yield the same strength of the leptonic and semi-leptonic infractions 
with u = 3.5 TeV and ^Jj^a^l = 125^2 GeV. The Higgs potential of the 
model is discussed in Ref.lO and on minimization of the potential, the rela- 
tionship between x and u turns out to be 

u = (6) 
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where 7 is some combination of the coefficient of the Higgs potentiaL For 
7 << 1, we obtain the hierarchy of the VEV's of the Higgs fields as 

X » u » Va- (7) 

In a previous paper [10], wc have discussed the consequences of Type B 
transformation under x Z4 discrete symmetry on the neutrino mass. With 
7 ~ 10~^, the Yukawa couphngs g[{in the mass terms {feRi'eR + ^ixR^ixRjv)'^ 
1 and f[ ( in the mass terms of {liL^fiR + l2L^eR)4>i) ~ 10~^, we obtain 
m,,^ = = mo = 2.8 eV implying A21 = and A32 = [{^) - l]mo = 
4 X 10''^eV^ ( to explain the atmospheric neutrino anomaly) where ^^o = 
C'o = ^. n and 5(2 are the coefficients of the mass terms in (/3Li^ri?02) and 
{^tR^trV) respectively. Interestingly, the ratio (|^) determines the departure 
of the mass of from m(j. Thus the LSND data (A21 ~ (0.5 - 10)eV^) 
cannot be explained in the model with Type B discrete symmetry. However, 
Type A discrete symmetry can accommodate the LSND data and we discuss 
its consequences now. 

For Type A discrete symmetry the matrices mo and rriR are of the form 



rriD 



where a — fiVi and ^ — ^ 



rriR = 
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where giz = b and f' = ^. 
All the right-handed Majorana neutrinos get masses above the ununification 
symmetry breaking scale due to the choice of VEV's given in Eqn.(6). It 
may be noted that the mass matrix niR is flavour diagonal and, hence, no 
transition magnetic moment can arise at the one loop level due to ordinary 
leptons. However, the spectator fermions can contribute to such magnetic 
moment of the Majorana neutrinos [10]. Furthermore, the spectator fermions 
allow non-zero — i^^, — J^t mixing angles although these are zero at the 
tree level. 



Diagonahzation of the mass matrix given in Eqn.(2) leads to the 
following eigenvalues 



2 

rrii 



m.. = -— (9) 



'■I 

T 



where m^'s (i=l,2,3) are the eigenvalues of mDrriD and Mj's are the 
eigenvalues of uir. Thus, we obtain the neutrino mass terms which are given 

by 

— = mo (10a) 



^2 

= (-^)"^o (106) 



where mo — 



With the previous choice of model parameters ^1=100 GeV, u ~ 3.5TeV, 
7 ~ 10"'^, gi ~ 1, /i ~ 10~^, rriQ comes out to be 2.8 eV as before. However, 
the model contains a tiny parameter space and there is not much freedom in 
the variation of the model parameters. In particular, vi is restricted in the 
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range (100 — 125\/2)GeV and m > 3.5 TeV in order to be consistent with the 
low energy charged current data. 

The (I7) term hfts the neutrino mass degeneracy that can be deter- 
mined from the recent LSND experiment. Thus, we obtain (I7) in the range 
(0.7 — 3.16) and rriy,-, in the range (0.7- 3.16)mo eV. However, the atmo- 
spheric neutrino anomaly (A23 ~ 10^^) can not be explained in the model 
with Type A discrete symmetry as by fitting the LSND result we require 
A23 = A21 ~ (0.5 - 10)ey2. 

In summary, we conclude that an extended Harvard Model including 
X Z4 discrete symmetry with three light neutrinos having mass degen- 
eracy of the order of 2.8 eV between two cannot accommodate at the same 
time the solar neutrino, atmospheric neutrino and the LSND data. 
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